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Abstract

The delamination of copper lead frames from epoxy molding compounds (EMC) is a severe problem for microelectronic
devices, as it leads to reduced heat dissipation or circuit breakage. The micro/nanoscale surface structuring of copper is
a promising method to improve the copper—EMC interfacial adhesion. In this study, the generation of micro/nano hybrid
structures on copper surfaces through femtosecond pulsed laser irradiation is proposed to improve interfacial adhesion. The
micro/nano hybrid structures were realized by generating nanoscale laser-induced periodic surface structures (LIPSS) on
microscale parallel grooves. Several types of hybrid surface structures were generated by changing the laser polarization
direction, fluence, and scanning speed. At a specific aspect ratio of microgrooves, a latticed structure was generated on
the sides of microgrooves by combining LIPSS formation and direct laser interference patterning. This study provides an
efficient method for the micro/nanoscale hybrid surface structure formation for interfacial adhesion improvement between
copper and EMC.
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1 Introduction

In semiconductor packages, IC chips and copper lead frames
are sealed with epoxy molding compounds (EMC) because
of the high electrical conductivity of copper and high elec-
trical insulation of EMC [1]. Currently, the demand for
semiconductor devices is rising exponentially. However, the
delamination of copper lead frames from EMC is a severe
problem with semiconductor packages because it leads to
reduced heat dissipation or circuit breakage [2]. Delamina-
tion is mainly caused by interfacial shear stress due to the
difference in thermal expansion between copper and EMC
during molding and reflow processes or in the service stage
of IC devices [3].
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The micro/nanoscale structuring of the metal surface has
been proven to improve interfacial adhesion. For example,
microscale grooves and nanoscale cone structures have been
fabricated by chemical methods, such as etching [4], plating
[5], and transcription using a plasma printed punch array
[6] for improving interfacial adhesiveness. However, these
methods are unsuitable for fabricating micro/nano hybrid
structures. In addition, they either need masks or create
waste liquids.

This study aims at the generation of micro/nano hybrid
structures on copper surfaces through femtosecond pulsed
laser irradiation to improve interfacial adhesion between
copper and EMC and suppress delamination. Laser process-
ing can fabricate complex and multiscale shapes efficiently
without using chemicals. Specifically, laser-induced peri-
odic surface structures (LIPSS) are known to form when
ultrashort pulsed laser irradiation is carried out at low laser
fluence near the ablation threshold [7-20]. The period of
LIPSS depends on the laser wavelength, and the topography
of LIPSS can be controlled by using different media in which
the sample is soaked [7]. LIPSS have two major categories:
those with periods larger than half the laser wavelength
are called low spatial frequency LIPSS (LSFL), whereas
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those with periods smaller than half the laser wavelength
are termed high spatial frequency LIPSS (HSFL) [8]. LSFL
are thought to be generated by the interaction of the inci-
dent laser beam with surface electromagnetic waves (SEW)
[9-11], whereas HSFL is generated by higher harmonic gen-
eration [12, 13] or self-organization [14], the mechanism
of which is still under investigation. In recent years, LIPSS
have been applied to control friction, wettability [15-18],
and adhesion strength [19], including the mold release abil-
ity [20] of metal surfaces. Not only linear LIPSS but also
nanodot structures, which are generated by cross scanning
the laser beam, have been used to control surface wettabil-
ity [18].

In this work, micro/nano hybrid surface structuring was
attempted by combining LIPSS generation on parallel micro-
grooves. Several types of hybrid surface structures with dif-
ferent aspect ratios (AR =depth/width of microgrooves)
and LIPSS arrangements were fabricated. The effects of
laser polarization direction and AR of microgrooves on
LIPSS formation were investigated. In addition, irradiation
was performed by tilting the sample after the microgroove
formation, and the effect of the incident angle of the laser
beam on the LIPSS formation was investigated. Finally,
grid-pattern hybrid structures were fabricated to reduce the
structural anisotropy and improve the shear strength of the
copper—-EMC interface. This study demonstrated an efficient
method for hybrid surface structure formation on metals and
the possibility of adhesion improvement between metals and
polymers.

2 Materials and Methods

Oxygen-free copper plates were used as specimens in the
experiment. The plates measured 40 mm X40 mm X 1 mm,
and the surface of the plate was etched before the experi-
ment to remove the oxide layer and contamination. The
experimental setup is shown in Fig. 1. The femtosecond
pulsed laser oscillator used in the experiment was PHAROS-
08-600-PP, manufactured by Light Conversion, Lithuania.
The experimental conditions are presented in Table 1. The
laser wavelength was 1030 nm, and the repetition frequency
was 100 kHz. The spot shape was elliptical, and the major
axis was perpendicular to the polarization direction. The
energy density of the laser had a Gaussian distribution. All
the experiments were carried out in atmospheric conditions
at room temperature (~23 °C). The laser beam was scanned
by a galvanometer scanner in the X and Y directions. The
workpiece height in the Z direction was adjusted using a
height-adjustable stage.

The micro/nano hybrid structures were fabricated by irra-
diating the laser in two steps with different parameters, as
illustrated in Fig. 2a, b. The first step was forming parallel
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Fig.1 a Diagram of experimental setup, b image of sample on the
stage

microgrooves at the laser fluence of 2.0, 4.0, 4.5 J/em? and
a scanning pitch of 25 and 30 pm on the copper surface
(Fig. 2a). The laser fluence and scanning pitch were set
so that the top of microgrooves is slightly lower than the
unprocessed surface, depending on the spot size and scan-
ning direction. The second step was forming LIPSS on
microgrooves with a smaller scanning pitch of 10 pm and a
smaller laser fluence of 0.5 J/cm? (Fig. 2b). For each step,
the laser beam was scanned once.

In the second step, to generate nanoscale latticed struc-
tures instead of single-direction LIPSS, a part of the laser

Table 1 Laser irradiation condition

Laser medium Yb: KGW
Wavelength 4 (nm) 1030
Spot size (um) 23x17.5
Pulse width (fs) 256
Repetition frequency (kHz) 100
Microgroove LIPSS
Scanning speed V (mm/s) 9.5-80 50
Laser fluence F (J/cmz) 2.0,4.0,4.5 0.2,0.5,0.8
Scanning pitch P (um) 25, 30 10
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Fig.2 Schematic of a laser irradiation schemes for generating paral-
lel microgrooves, b laser irradiation schemes for generating LIPSS
on microgrooves, ¢ generation mechanism of the latticed structure, d
DLIP mechanism, e laser irradiation schemes for generating grid pat-
terns with hybrid structures

beam was reflected off one side of microgrooves and irradi-
ated on the opposite side, as shown in Fig. 2c. When this
reflected laser beam interfered with a directly incoming laser
beam on the side surfaces of microgrooves, direct laser inter-
ference patterning (DLIP) was realized. The mechanism for
DLIP is shown in Fig. 2d. An interference pattern gener-
ated by two overlapping laser beams on the surface led to
the ablation of the material at the highest intensity areas

@ Springer

producing periodic structures on its surface [21-23]. When
the microgroove formation direction and the polarization
direction were parallel, the LIPSS direction and the DLIP
direction were orthogonal (Fig. 2¢). If LIPSS and DLIP
overlap perpendicularly, then a latticed structure can be
formed [24, 25]. Note that the reflection of the laser depends
on the AR, namely, the side surface angles, of the micro-
grooves formed in the first step. To generate latticed struc-
tures, the groove angle may be theoretically predicted or
found experimentally. The period of interference pattern A
is given by the following equation [26].

A = A/(sind, + sinb,) €))

where 6, is the incident beam angle, and 6, is the reflected
beam angle of the laser, as shown in Fig. 2c and d.

To fabricate grid-pattern hybrid structures, irradiation
was performed as shown in Fig. 2e. The size of each grid
was 150 pm, in which microgrooves were formed at a scan-
ning pitch of 25 and 30 pm, and the microgrooves in neigh-
boring grids were formed perpendicularly.

After laser irradiation, for the evaluation of microgroove
geometry, the cross-sectional profiles were measured by a
laser microscope, OLS4100, made by Olympus Corporation,
Japan. The surface morphologies of the structured copper
plates were observed by a field emission scanning electron
microscope (FE-SEM), Inspect F50, made by FEI Company,
U.S.

3 Results and Discussion
3.1 Microgroove Formation

The SEM images of microgrooves generated at different
laser fluence and scanning speeds are shown in Fig. 3. The
surfaces of microgrooves are covered by micrometer-scale
debris, which is a result of the redeposition of the ablated
material. The groove depth and the amount of debris
increased as the scanning speed decreased. The reason is
that the number of pulses per unit area increased as the scan-
ning speed decreased and the amount of removed material
increased. In addition, LIPSS were vaguely observed at the
top of the microgrooves under all conditions. The reason is
that the laser fluence at the outer area of a Gaussian beam is
lower than that at the beam center. If the laser fluence at the
top of a groove is near the ablation threshold, then LIPSS
will be locally generated.

3.2 LIPSS Formation

The SEM images of LIPSS generated at different laser flu-
ence are displayed in Fig. 4. At the laser fluence of 0.2 J/
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Fig.3 SEM images of microgrooves with different laser fluence and scanning speeds: a 4.0 J/cm?, 40 mm/s (AR=0.3), b 4.0 J/cm?, 30 mm/s
(AR=0.4), ¢ 4.0 J/em?, 9.5 mm/s (AR=0.7), d 4.5 J/cm?, 63 mm/s (AR =0.3), e 4.5 J/cm?, 45 mm/s (AR=0.4), f 4.5 J/cm?, 22 mm/s (AR =0.7)

Fig.4 SEM images of LIPSS with different laser fluence: a 0.2 J/em?, b 0.5 J/em?, ¢ 0.8 J/em?

cm?, almost no LIPSS were generated (Fig. 4a). At the
laser fluence of 0.5 J/cm?, LIPSS were clearly generated
on the whole surface (Fig. 4b). LIPSS were formed perpen-
dicular to the laser polarization direction and had a pitch of
813 +34 nm. At the laser fluence of 0.8 J/cm?, some areas
where LIPSS became unclear were found (Fig. 4c). The rea-
son is that the laser fluence exceeded the ablation threshold,
and ablation partially occurred. Therefore, 0.5 J/cm? was
selected for the hybrid structure formation in the following
experiments.

3.3 Hybrid Structure Formation

The SEM images of micro/nano hybrid structures generated
at different laser fluence and scanning speeds are displayed

in Fig. 5, where microgrooves are perpendicular to LIPSS,
and Fig. 6, where microgrooves are parallel to LIPSS. From
these SEM images, it can be observed that the LIPSS for-
mation location depended on the AR of microgrooves and
the laser polarization direction. In all hybrid structures, the
amount of debris attached to the surface was reduced com-
pared with the microgrooves shown in Fig. 3. The reason
may be that the debris generated while creating the micro-
grooves was removed during LIPSS generation.

When microgrooves and LIPSS were perpendicular to
each other (Fig. 5), the period of LIPSS was almost the same
as that of LIPSS on the plane (Fig. 4b). When the AR of
grooves was small, LIPSS were observed on the whole sur-
face (Fig. 5a); but when the AR was large, LIPSS were not
observed on the side surfaces of microgrooves (Fig. 5c). The
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Fig.5 SEM images of

hybrid structures with dif-
ferent scanning speeds when
microgrooves are perpen-
dicular to LIPSS (P=30 pm):

a 60 mm/s (AR=0.2), b

30 mm/s (AR=0.4), ¢ 9.5 mm/s
(AR=0.8)

reason for this is that the laser fluence decreases, and LIPSS
cannot form when the angle of the side surface is very large.

When AR =0.4, a latticed structure, which may have
similar surface functionality to the nanodot structures gen-
erated by cross laser scanning [18], was observed on the side
surface of microgrooves (Fig. 5b). The latticed structure is
a combination of LIPSS and DLIP overlapping perpendicu-
larly, as described in Sect. 2. In Fig. 5b, where A=1030 nm
and 6, =44°, 9,=48°, the period of interference pattern A
was 716 nm calculated by Eq. (1). The measured period of
the latticed structure was 778 + 83 nm, which is almost the
same as the calculated value.

@ Springer

When microgrooves and LIPSS were parallel (Fig. 6),
clear LIPSS formed at the top and bottom of microgrooves,
whereas no LIPSS were observed on the side as the AR
of the grooves increased, similar to the case when micro-
grooves and LIPSS were perpendicular; the reason is that the
angle of the microgroove side surface is too large. Another
possibility is the effect of the interference pattern occurring
parallel to the LIPSS direction. The period of the interfer-
ence pattern generated on the side of microgrooves by the
incident and reflected beams is different from that of LIPSS.
Therefore, the generation of an interference pattern may pre-
vent LIPSS formation. When the AR was small, however,
LIPSS with a wide period (1871 + 100 nm) formed on the
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Fig.6 SEM images of

hybrid structures with dif-
ferent scanning speeds when
microgrooves are paral-

lel to LIPSS (P=25 pm):

a 63 mm/s (AR=0.3),b

45 mm/s (AR=0.4), ¢ 22 mm/s
(AR=0.7)

side of microgrooves (Fig. 6a). The reason is that when the
inclination direction and the laser polarization direction are
parallel, the electric field strength distribution of the irradia-
tion at an angle of inclination to a surface is wider than that
of the irradiation perpendicular to a surface [21].

The cross-sectional profiles of hybrid structures generated
at different laser scanning speeds are shown in Fig. 7. Micro-
grooves were V-shaped only when microgrooves and LIPSS
were perpendicular, and the scanning speed was 9.5 mm/s
(Fig. 7a). In other cases, the bottom of microgrooves had a
round shape.

The change in the depth of hybrid structures obtained at
different laser fluence and scanning speeds is illustrated in

Fig. 8. As the laser fluence increased, the depth increased.
The depth also increased as the scanning speed decreased.
The general trend is the same as that of microgrooves only
as described in Sect. 3.1. These results show that the AR of
hybrid surface structures can be controlled by changing the
polarization direction, fluence, and scanning speed.

3.4 High AR Hybrid Structure Formation

To generate LIPSS on the side of a microgroove with a large
AR, after microgroove formation, the sample was tilted by
45° so that the laser beam incident angle became close to
0°, which makes LIPSS formation easy. The SEM image of
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Fig.7 Cross-sectional profiles of hybrid structures generated at dif-
ferent laser scanning speeds: a microgrooves perpendicular to LIPSS
(F=4.0 J/cm?), b microgrooves parallel to LIPSS (F=4.5 J/cm?)
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Fig.8 Hybrid structure depth at different laser fluence and scanning
speeds (microgrooves perpendicular to LIPSS: P=30 pm, micro-
grooves parallel to LIPSS: P=25 pm)

the hybrid structure on the tilted samples is shown in Fig. 9.
The first step was performed at the laser fluence of 4.5 J/
cm?, a scanning speed of 30 mm/s, and a scanning pitch of
25 pm to generate microgrooves. By tilting the sample in
the second step, LIPSS were formed clearly on the entire
side surfaces of microgrooves. This result demonstrates that
forming LIPSS on steep groove side surfaces and groove
surfaces that had significant debris deposition after the first
step is possible by irradiating the laser perpendicular to the
side surface.
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Fig.9 SEM image of hybrid structure irradiated by tilting the sample
in the second step

3.5 Grid-Pattern Hybrid Structure Formation

Finally, grid patterns with hybrid structures were generated
using the method shown in Fig. 2e. The SEM images of the
grid patterns with hybrid surface structures obtained at dif-
ferent irradiation conditions are presented in Fig. 10. Grid
patterns that are composed of two types of hybrid structures,
as shown in Fig. 10a, d, were formed. At the laser fluence
of 4.5 J/cm?, a scanning speed of 80 mm/s, and a scanning
pitch of 25 pm, the AR of the microgrooves perpendicular
to the polarization direction was 0.24 (Fig. 10b), and that
of the microgrooves parallel to the polarization direction
was 0.17 (Fig. 10c). Wide-period LIPSS were observed on
the side of microgrooves (Fig. 10b). At the laser fluence
of 4.0 J/cm?, a scanning speed of 30 mm/s, and a scanning
pitch of 30 pum, the AR of microgrooves perpendicular to the
polarization direction was 0.54 (Fig. 10e), and that of the
microgrooves parallel to the polarization direction was 0.38
(Fig. 10f). Latticed structures were observed on the side of
microgrooves (Fig. 10f).

The change in the AR of hybrid structures obtained at
different scanning speeds and microgroove directions is
displayed in Fig. 11. The microgrooves perpendicular to
the polarization direction had a higher AR than the micro-
grooves parallel to the polarization direction. The top of the
microgrooves perpendicular to the polarization direction was
flat. This is thought to be due to the elliptical nature of the
laser spot. When the laser is scanned parallel to the major
axis, as the major axis of the elliptical spot is perpendicular
to the polarization direction, the pulse overlap increases,
resulting in higher material removal. Grid patterns with
hybrid structures may provide two-dimensional constraints
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Fig. 10 SEM images of the grid patterns formed by hybrid structures: (a—c) F=4.5 J/cm?, P=25 pm, V=80 mm/s, (d—f) F=4.0 J/cm?,

P =30 um, V=30 mm/s
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Fig. 11 AR of grid-pattern hybrid structure at different scanning
speeds and microgroove directions

of the interfacial flow of EMC against the copper surface,
which is expectable to improve the shear strength for IC
devices.

4 Conclusions

Femtosecond pulsed laser irradiation was performed on
copper to generate micro/nano hybrid surface structures for
improving interfacial adhesion between copper and poly-
mers. Hybrid structures combining LIPSS and microgrooves
with different AR were formed. At a specific AR, a latticed
structure was generated on the side of microgrooves that
was formed through the combination of LIPSS and DLIP.
Furthermore, grid patterns composed of two types of hybrid
structures were fabricated, thereby providing two-dimen-
sional constraints of the interfacial flow of polymer. This
study demonstrated a method for hybrid surface structure
formation to improve interfacial adhesion and shear strength
through femtosecond pulsed laser irradiation. Future works
include the optimal hybrid structure design and molding
conditions using the hybrid surface structures to maximize
adhesion strength.
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